The setae involved in the gill-cleaning mechanism of six species of Japanese sentinel crabs are described. The setae are classified as belonging to five types: anchor, serrate, simple, digitate-scale-setule, and normal setule setae. The anchor setae are further divided into ten sub types based on the combinations of digitate-scale setule, normal setule, anchor type, and the shape of their tip. Setae on outgrowths and tips were compared with those identified in previous studies. As a result, the single row half anchor setae were found only in the subgenus Macrophthalmus and might be used as a special characteristic in the subgenus.
INTRODUCTION
All decapods have gills and need water to respire. There are particulate debris and possibly epibionts in the respiratory water, but it is deleterious for decapods to have debris and parasites covering the gill surfaces. Consequently, decapods have developed mechanisms to protect their gills from fouling. In recent years, some researchers have studied the gill-cleaning mechanisms of brachyuran crabs (Bauer, 1989; Holmquist, 1989; Pohle, 1989; Batang and Suzuki, 2003; Matsuoka and Suzuki, 2011) and suggested that brachyuran crabs clean their gills with the setae present on the epipods of the first to third maxillipeds.
Sentinel crabs (Macrophthalmus) inhabit the inter-tidal area where they carry on various activities such as feeding and social behaviors on land during low tide. They are one of eight families of Ocypodoidea, all of which have a similar life style (De Grave et al., 2009) . Recently, molecular phylogenetic and behavioral research also has been conducted on Macrophthalmidae (Kitaura et al., 2004; Kitaura et al., 2010; McLay et al., 2010) . The gill-cleaning setae of Ocypodidae were previously described by Matsuoka and Suzuki (2011) . Detailed knowledge of the gill-cleaning setae is needed to understand the gill-cleaning mechanisms amongst brachyuran crabs including Ocypodoidea and to enable taxonomic and phylogenetic comparisons within brachyurans. Therefore, the objectives of this study are to describe the different types of setae involved in gill-cleaning in sentinel crabs, to describe their morphological character- istics, and to compare these setae with those described in previous crab studies.
MATERIALS AND METHODS
We collected six species of sentinel crabs; Macrophthalmus (Macrophthalmus) abbreviates Manning and Holthuis, 1981 Ng et al., (2008) and McLay et al., (2010) . In this study, we tried to collect fresh specimens of all species of Japanese Macrophthalmidae. However, except for the species mentioned above all other species were too rare, and it was impossible to collect them. Therefore, we used only these six species in this study. These crabs were captured from tidal flats in southern Kyushu and Amami-ohshima Island, Japan, from May to August from 2000 to 2007. These crabs were killed and then fixed in 10% formalin and later preserved in 70% ethyl alcohol (EtOH). One crab of each species was dissected to examine their epipods of the first to third maxillipeds using scanning electron microscopy (SEM) and light microscopy. The dissected parts were photographed using a digital camera system (Nikon DIGITAL SIGHT). For SEM, specimens were dehydrated at least 2 hours following an EtOH series (70%, 80%, 90%, 95%, 100%, 100%). After dehydration, some specimens were placed for at least 2 hours in mixtures of tri-butyl alcohol (t-BuOH) and EtOH (tBuOH:EtOH 5 1:1, 2:1). The specimens in absolute t-BuOH were refrigerated, and dried with a VFD-21 t-BuOH Freeze Dryer. Almost all other specimens were air dried. Specimens were mounted on aluminum stubs, coated with gold with the Eiko ION COATER IB-2, and viewed in SEM using a Hitachi S4100H or an environmental SEM (Japan FEI XL30). Abbreviations used are: dss 5 digitate-scale setule; DSSS 5 digitatescale-setule setae; DSS-NSETS 5 mixed digitate-scale-setule with normal setule setae; EpMp1 5 epipod of first maxilliped; EpMp2 5 epipod of second maxilliped; EpMp3 5 epipod of third maxilliped; FA 5 full anchor; FAS 5 full anchor setae; HA 5 half anchor; HAS 5 half anchor setae; H-FAS 5 half anchor and full anchor setae; n-set 5 normal setule; se 5 serrate; set 5 setule; si 5 simple tip; SIS 5 simple setae; SIHAS 5 single row half anchor setae and SS 5 serrate setae.
RESULTS
The epipods of the first maxillipeds (EpMp1) were located on the dorsal side of gills (Fig. 1A) , while the EpMp2 and EpMp3 could be observed beneath the gills after removing them (Fig. 1B) . In each epipod setae were found ( and these were classified into five types: 1) simple setae (SIS), setae that do not have any out-growth; 2) serrate setae (SS), setae equipped with only small denticles near setal tip; 3) digitate-scale-setule setae (DSSS), setae in which the setules have digitations (digitate-scale-setule; dss); 4) mixed digitate-scale-setule with normal setule setae (DSS-NSETS), those setae that have digitate-scale-setule and setule without digitation (normal setule; n-set); and 5) anchor setae, on which the setae have out-growths like anchors  Tables 1 and 2) .
We found that the digitate-scale-setule setae with a serrate tip (Fig. 3A, B) are dominant and found lining all the surfaces of each epipod (Table 1 ). The digitate-scale setules arose on the distal half of the digitate-scale-setule setae. A few mixed digitate-scale-setule with normal setule setae ( Fig. 3C-E) were found only in the EpMp3 of M. japonicus. Digitate-scale setules arose on the distal half of the setae and normal setules projected near the tip. A few serrate setae (Fig. 3F , G) were found in EpMp1 of M. serenei and M. pacificus and EpMp3 of M. serenei (Table 1) . The small denticles arose on the distal half of the serrate setae. The simple setae (Fig. 3H) were found on all epipods except in EpMp2 and EpMp3 of M. japonicus (Table 1) . Anchor setae were the second most abundant setae. The shape of the anchor setule was classified into two sub-types: 1) full anchor having two Table 2 ).
The full anchor setae with digitate-scale setule and serrate tip ( Fig. 4E-G ; Table 2 ) were found only in M.
banzai. The full anchor setae with a simple tip ( Fig. 5B ; Table 2 ) were found only in M. abbreviatus.
The single row of half anchor setae (Fig. 5E ) was found only in the EpMp1 and EpMp3 of M. abbreviatus, M. convexus, and M. serenei (Table 2 ). The number of anchors on the single row of half anchor setae ranged from two to four; anchors gradually became smaller from the tip towards the base. The tips of single row half anchor setae were long, thin, and simple (Fig. 5E) .
DISCUSSION
In the previous study on gill-cleaning setae of ten Japanese ocypodid crabs, it is reported that Uca evolved from Ocypode (Matsuoka and Suzuki, 2011) ; almost all gillcleaning setae of the species of Macrophthalmidae Fig. 4 . Anchor setae. A, distal half of the full anchor seta (with normal setule and serrate tip) of M. abbreviatus; B, close-up of the normal setules of seta in A; C, distal half of the full anchor seta (with digitate-scale setule and serrate tip) of M. convexus; D, close-up of the digitate-scale setules of seta in C; E, distal half of the full anchor seta (arrow; with digitate-scale setules, normal setules and serrate tip) of M. banzai; F, close-up of the normal setules of the seta in E; G, close-up of the digitate-scale setules of the seta in E. dss: digitate-scale setule; FA: full anchor; HA: half anchor. examined were the same as those found in the species of Ocypodidae previously reported. The phylogenetic relationship is unclear regarding the gill-cleaning mechanism. In this study, the gill-cleaning setae of two subgenera of Macrophthalmidae, Macrophthalmus and Mareotis, are compared with habitat, and we discuss the characteristics of the subgenus Macrophthalmus.
Data concerning the relationship between setal distribution and habitat condition, i.e., tidal level and type of substratum of crabs, was collected, but no differences in setal distribution based on substratum and tidal level were found in the EpMp1-EpMp3 (Tables 3, 4 ). Anchor setae with opposing recurved ends may have a high scraping efficiency, and they may help to clean and prevent the breakage of other setae, as noted in other crabs such as pinnotherids, and probably including portunids and xanthids (Pohle, 1989; Batang and Suzuki, 2003; Matsuoka and Suzuki, 2011) . The single row half anchor setae were found only in M. abbreviatus, M. convexus, and M. serenei, which belong to the subgenus Macrophthalmus; these are similar to those found in Cronius tumidulus (Stimpson, 1871) by Bauer (1989) .
The largest anchor is at the tip of the setae, and gradually become smaller towards the base in the single row of anchor setae of the subgenus Macrophthalmus. On the other hand, anchors become gradually larger towards the base of single row half anchor setae of Cronius tumidulus. The single row of anchor setae of the subgenus Macrophthalmus are different from those of C. tumidulus. Therefore, the single row half anchor setae of the subgenus Macrophthalmus are possibly a special characteristic of this subgenus. Ng et al. (2008) and McLay et al. (2010) placed M. banzai into the subgenus Macrophthalmus. However, M. banzai has a close relationship to M. japonicus, which the latter rather belongs to the subgenus Mareotis (Wada and Sakai, 1989) . Moreover, single row half anchor setae were not found in M. banzai. Therefore, we believe that M. banzai belongs to the subgenus Mareotis.
The subgenus Macrophthalmus had been characterized by its wide carapace (about 1.6-2.0 times as wide as long) (Kitaura et al., 2006) . In recent molecular studies, the subgenus Macrophthalmus has been identified as a polyphyletic group (Horii et al., 2002; Kitaura et al., 2006; McLay et al., 2010) . However, the single row half anchor setae were found only on species of the subgenus Macrophthalmus surveyed during our study. This discovery of a structure, viz., the single row half anchor setae, might then indicate its wider presence in this subgenus. Nevertheless, not all species of this genus have been examined, and therefore further observations are required in order to verify if this condition applies to all its members. 
